The dielectric properties of paraelectric ZrTiO 4 thin films were investigated in the microwave-frequency range. The dielectric losses (tan δ) and dielectric constants (ε) were successfully measured up to ∼ 5 GHz using a circular-patch capacitor geometry. The effects of the microstructures on the dielectric properties were also investigated. The ZrTiO 4 films were deposited at different temperatures and RF power densities to vary the film microstructures. As the deposition temperature and RF power density were increased, the film crystallinity was enhanced and dielectric losses decreased. The microwave dielectric losses correlated very well with the level of local strain and unit-cell dilation, while the dielectric constants did not alter significantly.
Introduction
Dielectric thin films have been studied extensively for use in applications such as dynamic random access memory (DRAM) and monolithic microwave integrated circuits (MMIC). [1] [2] [3] Low dielectric losses (tan δ) and high dielectric constants (ε) are necessary characteristics for such dielectric thin films. 4, 5) Because the operating frequencies of both DRAM and MMIC range from hundreds of MHz to tens of GHz, the characterization of dielectric thin films in the GHz range is essential for developing devices to be operated at microwave frequencies.
Because of its relatively high dielectric constant and quality factor (Q = 1/ tan δ) in addition to good thermal stability with Sn addition, single-phase paraelectric ZrTiO 4 is a good candidate for microwave dielectrics. 6, 7) ZrTiO 4 has an orthorhombic structure with Ti and Zr ions randomly distributed in half of the eight octahedral sites in each unit cell above 1100
• C. 8) Below this temperature, the equilibrium phase is a mixture of ZrO 2 and ZrTi 2 O 6 according to the phase diagram. 9, 10) As a result, a high energy is needed to deposit crystalline single-phase ZrTiO 4 thin films. Previous studies were focused on the dielectric properties around the MHz frequency range, leakage current, and optical index of refraction. [11] [12] [13] [14] [15] [16] However, the dielectric properties of these thin films in the microwave ranges have not been reported yet. Therefore, in this paper, the effects of deposition temperature and incident power density on the dielectric losses and dielectric constants in the microwave range are reported.
Experimental Details
The ZrTiO 4 thin films were deposited by RF magnetron sputtering. A 2-inch ZrTiO 4 single target was made by sintering with a mixture of TiO 2 and ZrO 2 powders having a 0.5/0.5 mole fraction at 1650
• C for 2 h. The distance from the substrate to the target was fixed at 10 cm. The argon (99.999%) to oxygen (99.995%) flow rate was maintained at 4 to 1, and the operating pressure was 10 mTorr. To obtain different levels of crystallinity, the deposition temperature ranged from 300
• C to 800
• C at an RF power density of 9.8 W/cm 2 and the RF power density ranged from 4.9 W/cm 2 to 9.8 W/cm 2 at 700 • C. * E-mail address: yongjo2@snu.ac.kr † E-mail address: byungwoo@snu.ac.kr As a bottom electrode, a phosphorous-doped polycrystalline Si (300 nm) on 100 nm SiO 2 with a Si (100) substrate was used.
The thin-film microstructures were analyzed by X-ray diffraction (XRD; M18XHF-SRA, MAC Science) using Cu K α radiation with 40 kV/200 mA, and a sampling width of 0.005
• in the range of 20
• -60
• . The stoichiometry of the thin films was confirmed by electron probe micro-analysis (EPMA; JXA-8900R, JEOL). The diameter of the probing area was fixed at 10 µm, and standard samples for the quantitative analysis were ZrO 2 and TiO 2 (rutile) single crystals. The film thicknesses were measured with an α-step, and were typically around 250 nm.
The dielectric properties were measured using a vector network analyzer (HP 8510C) with a Be-Cu coplanar-waveguide (CPW) probe. To measure the dielectric properties at microwave frequencies, a circular-patch capacitor structure was used. 17, 18) The top electrode with Au/Ag double layer was patterned by one-step photolithography. The Au electrode was intended to make a reproducible contact with the Be-Cu probe tip, and the Ag layer was inserted for good conductivity and moderate adhesion to the dielectric thin films. The reflection coefficient ( ) of the device under test (DUT) was measured by the one-port measurement technique, and was converted into an impedance using the following equation
where Z 0 is the impedance of the transmission line. 19) The dielectric losses and constants were obtained from impedances of the DUT, dielectric thicknesses, and electrode areas.
Results and Discussion
The deposited thin films had a Zr/Ti ratio of 1.198 ± 0.008, which is within the solid-solution range of the ZrTiO 4 phase. 6) The oxygen ratio, however, could not be determined precisely in this sample by EPMA due to the SiO 2 layer. The sample composition was measured at several different points, and did not vary significantly with varying the deposition temperature and incident-power density, as shown in Fig. 1 and 2(b), respectively. The thin films deposited at temperature below 300
• C exhibited amorphous characteristics with polycrystalline-Si substrate peaks. XRD showed enhanced crystallinity as the deposition temperature and power density were increased.
The level of crystallinity of the thin films was determined by the diffraction peak widths k (full width at half maximum) as a function of the scattering vector k = (4π/λ) sin θ . 20, 21) To separate the effect of K α 1 and K α 2 , the diffraction peak width was fitted by a double-peak Lorentzian function. Subsequently, the resolution function [ k res = 0.046 + 0.00004k(nm −1 ) for K α 1 ], determined by a silicon crystal standard, was subtracted to correct the instrumental broadening effect. As shown in the inset of Fig. 3(a) , the slope of the k vs k graph represents a non-uniform local strain (directionless deformation in the microstructure), possibly due to microstructural defects, such as point defects, offstoichiometry, stacking faults, and dislocations. [20] [21] [22] Figure 3 shows a significantly reduced strain at higher-deposition temperatures and incident-power densities. The strain was estimated as 5.67 ± 1.70% at a 400
• C deposition temperature, while it decreased to 0.01 ± 0.04% at 800
• C, clearly reflecting structural relaxation in the ZrTiO 4 thin films. The strain decreased from 1.56 ± 0.40% at 4.9 W/cm 2 to 0.17 ± 0.05% at 9.8 W/cm 2 also [ Fig. 3(b) ]. The unit cell volume, obtained by multiplication of the three lattice parameters, approached that of bulk ZrTiO 4 at higher deposition temperatures, showing a similar trend with non-uniform strain, as shown in Fig. 4 . The reduction of the unit cell volume means a decrease in dilation related to the elongation in the crystallographic direction, causing a shift in the diffraction peak. It was shown that the unit cell volume in the film was still higher than that of bulk even at the optimum deposition conditions of the crystalline phase. The larger unit cell volume was possibly caused by non-stoichiometry of Zr/Ti/O ratio from 1 : 1 : 4. EPMA data confirmed that the concentration of Zr was higher than that of Ti in the ZrTiO 4 thin films. Since the ionic radius of Zr is larger than that of Ti (0.80Å and 0.68Å, respectively), 23) the unit cell volume may have increased. However, the incident RF-power dependence was not observed due to the large error involved.
A circular-patch capacitor used for measuring the thin-film dielectric properties consisted of a disk-shape capacitor and an outer capacitor surrounding it. 17 ) Accordingly, to remove the effect of the outer capacitor, the impedances of two test structures, which had the same outer diameter but different inner diameters, were subtracted (details in ref. 17 ). The upper solid line in Fig. 5 was obtained from a simple ratio of the real and imaginary parts of the subtracted impedance. However, the subtracted impedance had an additional series resistance, which was caused by resistance in the bottom/top electrode and contact resistance (between the CPW probe and inner/outer top electrodes). Therefore, additional (not intrinsic) losses occurred by the series resistance at the upper line in Fig. 5 . While the effect of the bottom electrode can be removed by calculating the electric fields, contact resistance (the difference in two test structures) varies case by case. Therefore, to quantify the additional resistance including the contact resistance, an equivalent-circuit model was designed with a parallel resistor/capacitor and a series resistor in this study. The series resistor in this equivalent-circuit model represents the difference (in two test structures) in both the resistance from the electrodes and the contact resistance. 11, 12, 24) The impedance of the equivalent circuit can be expressed in the following equations:
where C is capacitance, and R p is intrinsic resistance term of thin-film dielectrics. It was assumed that R p is inversely proportional to the frequency (within a few GHz range). As a result, the value of the series resistance was obtained from the intercept of the real part of the impedance vs the reciprocal of the frequency. As shown in the inset of Fig. 5 , the intercept was determined from least-square fitting of the measured values using eq. (2). The range of fitting was chosen from 1 to 5 GHz, considering the sensitivity of the instrument and unknown parasitic effects. The lower line in Fig. 5 is the corrected (intrinsic) dielectric loss that excludes the series-resistance effect. The dielectric losses as a function of frequency are represented in Fig. 6 . The frequency dependence of tan δ is clearly minimal between 1 and 5 GHz at various deposition temperatures and incident RF-power densities. The frequency dependence below 1 GHz or above 5 GHz was caused by the sensitivity of the instrument and possibly by some uncompensated parasitic effect, and does not necessarily indicate dielectric relaxation. 17, 25) Thus, it is a task to effectively separate the parasitic effect and potential dielectric relaxation in thin films at higher frequency ranges.
The dielectric losses obtained from the average between 1 and 5 GHz depend strongly on the deposition parameters, as shown in Fig. 7 . As the deposition temperature increases, the dielectric losses decrease (improve) [ Fig. 7(a) ]. The dielectric losses were 0.0130 ± 0.0004 at 300
• C deposition and 0.0007 ± 0.0004 at 800
• C. This decrease in the dielectric losses correlated very well with the reduction in strain and unit cell volume in the thin films. Local strain in paraelectric materials affects the dielectric properties, by impeding atomic motion out of the imposed electric-field phase. 26, 27) Through  Figs. 2(a) and 7(a) , the sharp decrease that is observed from 300 to 400 • C was explained by a transition from an amorphous to a crystalline phase. The dielectric loss also had dependence on the incident power [ Fig. 7(b) ], and was gradually decreased with a higher incident power. This suggests that the driving force (mobility) for crystallization was not sufficient at the lower incident power. The dielectric constants were obtained by same correction method as was used for calculating the dielectric losses (Figs. 8 and 9) . In a similar way to the dielectric losses, the dielectric constants showed an almost constant value over the 1 to 5 GHz range. However, no systematic variations in the dielectric constants at the various processing conditions were observed, as shown in Figs. 8 and 9. It was reported that different processing conditions might cause different microstructures such as stoichiometry, oxygen vacancies, dislocations etc., which in turn may affect the dielectric constants. 28) 
Conclusions
The dielectric properties of ZrTiO 4 thin films were investigated over the microwave-frequency range. The correlation between the microstructures and dielectric losses was also studied. The local strain determined by the XRD peak width showed a strong dependence on the deposition parameters, and correlated very well with the dielectric losses. As the deposition temperature and incident power density increased, the microwave dielectric losses improved (decreased). From the corrected dielectric losses and constants, dielectric relaxation does not appear up to ∼ 5 GHz in ZrTiO 4 paraelectric thin films. However, the dielectric constants did not change significantly. To clarify the effect of the thin-film mi- crostructures, such as point/linear/planar defects, stoichiometry, and/or the crystalline orientation on the dielectric properties, further studies are needed. In addition, measurement techniques at much higher microwave frequencies need to be improved.
